High-performance liquid affinity chromatography (h.p.1.a.c.) is the term applied to the application of h.p.1.c. to affinity chromatography (Ohlson et al., 1978) . Until recently affinity chromatography supports were unsuitable for use in high-performace applications. It is only in the last 8 years that these problems have been overcome, resulting in a second generation of affinity systems. The advantages include considerably shorter separation times and higher resolutions. Not only analytical but also preparative applications have been reported. A wide range of traditional affinity ligands have been adapted for use in h.p.1.a.c. protein separations and these are summarized in Table 1 .
The most critical aspect of these h.p.1.a.c. separations is the support material. In order to permit resolution under high pressure and flow rates, the support needs to be mechanically stable and preferably porous. Ideally, its particle size should be small enough to minimize diffusion. One of the most widely used materials available at present is silica. However, the negatively charged silanol groups interact strongly with positively charged proteins and repel Abbreviations used: h.p.l.a.c., high-performance liquid affinity chromatography; f.p.l.c., fast protein liquid chromatography.
negatively charged ones. Furthermore, large particle sizes give lower surface areas and binding capacities, although this can be overcome by the use of porous silica, for which a number of synthetic procedures have been described. Commercial preparations include Lichrospher, Lichrosorb and Partisil. Pore size in most preparations varies from 6 0 to 4000A (1 A = 0.1 nm) and the resolution obtained over this range of pore sizes varies considerably. Small (60A) pore materials tend to exclude proteins having diameters similar to the pore size. Lactate dehydrogenase (molecular mass 140000 daltons) measures approx 6 0 A in diameter and using such a 6 0 8 pore support, a much lower surface area is observed from binding capacities. Pore sizes of 4000A show improved access to protein but still have relatively low surface areas. Intermediate pore sizes, 100, 300, 500, lOOOA, give higher surface areas available for adsorption, but two other drawbacks are experienced. Pore sizes of 100 and 300A are prone to the pores being obscured by proteins binding at their perimeter. Secondly, pore sizes approaching the diameter of the solute inhibit diffusion. This effect cannot be overcome by reducing particle size. A detailed consideration of pore size, particle size and surface area appears in a review by Larsson et al.
(1 983). These workers have shown experimentally that NAD coupled to l000A-silica binds 50% more beef-heart lactate dehydrogenase than the 100 A equivalent, despite a reduced calculated binding capacity of almost 90% (40mg/g as opposed to 350mg/g). It thus appears that the support particle size reduces the effectiveness of h.p.1.c. affinity supports. 
Affinity chromatography
The isolation of many biological macromolecules by conventional (physico-chemical) chromatography is often difficult and time-consuming. Affinity chromatography Dean et al., 1985) provides purifications based on biospecific interactions and has resulted, in a wide choice of ligands.
Macromolecules such as nucleic acids, polysaccharides and, in particular, proteins reversibly interact with a broad spectrum of molecules. On this basis, a large number of purifications have been described. Until recently these separations have been carried out in low-pressure liquid chromatography systems typically over a period of hours, the latter leading to a number of problems.
A comparison of affinity chromatography and h.p.1.a.c. systems for the isolation of lactate dehydrogenase by chromatography on an AMP ligand, shows that in both cases either biospecific elution or elution by increasing ionic strength can be used.
In h.p.1.a.c. several traditional affinity chromatography parameters are also important to separation: type of ligand, eluent and spacers; the only major difference is in the nature of the support matrix. In most cases, it seems that the best compromise is porous silica having small particle size and either large or no pores. Ligand density is increased by aqueous activation of the silica with epoxysilane derivatives using long ligand coupling times in solutions with pH values slightly above neutral (8-8.5).
In the case of large protein molecules and highly substituted silicas, care should be taken to ensure that pore sizes of the original silica are kept to a maximum to allow free access of solvent molecules.
Triazine dye derivatives
A large number of different triazine dyes have been utilized in the isolation of proteins. A recent review (Subramanian, 1984) was devoted entirely to the separations achieved by using Cibacron Blue 3G-A as a ligand. Two methods by which Cibacron Blue 3G-A-silica may be prepared have been described by Lowe et al. (1981) . Firstly, the ligand can be attached directly through the monochlorotriazine ring to diol-bonded silica, a relatively lengthy process generally resulting in lower densities than the coupling of aminohexyl-Cibacron Blue 3G-A to epoxysilanated silica. The second method, i.e. the pre-coupling derivatization with an aminohexyl spacer arm, facilitates coupling of the dye to the support but also increases the hydrophobicity of the resulting matix. Lowe et al. (1981) have shown that the binding of lactate dehydrogenase is weaker in low ionic strength buffers, suggesting the presence of a hydrophobic interaction between the enzyme and the spacer arm. This can be avoided by the use of more reactive dichlorotriazine derivative of the dye Procion Blue MX-R whose structure is closely related to Cibacron Blue 3G-A.
Traditional affinity chromatography separations applied to h.p.1.a. c. N6-(6-Aminohexyl)-AMP derivatives. Ohlson et al.
(1 978) described the synthesis of N 6 -(6-aminohexyl)-AMP-bonded silica and its use in the study of a model system for the possible isolation of lactate dehydrogenase (pig heart) and alcohol dehydrogenase (horse liver) using either salt or biospecific elution. Similar work was carried out in this laboratory on the isolation of yeast enzymes by chromatography on N 6 -(6-aminohexyl)-5'-AMP-Sepharose (Craven et al., 1974) . Dialysed extracts were applied to a column containing the AMP-Sepharose derivative and a linear KC1 gradient applied. Four enzymes and protein were assayed in the effluent. A complete separation of the following enzymes was achieved: glutathione reductase, malate dehydrogenase, glucose-6-phosphate dehydrogenase and alcohol dehydrogenase. Porath (1979) reviewed the use of metal chelate chromatography for the purification of biologically active materials. He advised the choice of iminodiacetic acid as a group-specific ligand for the chelation of metal ions, notably zinc (11) and copper (11). Using copper chelates, lactoferrin was isolated from milk whey by adsorption followed by a gradual lowering of the pH of Tris/acetate buffer, pH 8.2 (the matrix was reported to have a high capacity and little or no adverse effects on the protein). This system was used as a model for the analysis of a silicaimmobilized copper (11) matrix by Vijayalakshmi (1 983). Lactoferrin was prepared from milk whey and colostrum with a capacity of 2mg/ml of silica gel bed. This h.p.1.a.c. adsorbent is reported to be particularly stable and can be re-equilibrated many times without noticeable loss of its properties. Vijayalakshmi further demonstrated the use of rare earth metal chelates for the isolation of the Ca2'-binding proteins, trypsin and snake venom phospholipase.
Generally, the traditional Sepharose-based supports are not thought to differ considerably in their properties from the 3-glycidoxypropyl-trimethoxy-treated silica commonly used in h.p.1.a.c. applications; thus similar separations should be observed for both systems.
The values of h.p.1.a.c. metal chelates is further provided by the work of Small et al. (1983) . A zinc (11) chelate column was used for the purification of carboxypeptidase G. A 5Opl sample (10.8 units/mg) was applied to a 0.45 x lOcm bed. Elution of protein with a pulse of 10mM-EDTA (200 pl) produced homogenous enzyme, as judged from sodium dodecyl sulphate/polyacrylamide-gel electrophoresis, analysis with a specific activity of 248 units/mg. The separation time was 10 min.
Interesting applications of h.p.1.a.c. to quantitative sample analysis have been suggested by Walters (I 983) who described mini-column systems with bed dimension of 6.35 mm x 4.1 mm and 6.35 mm x 4.6 mm respectively for trypsin and concanavalin A determinations (using soybean trypsin inhibitor and D-glucosamine as affinity ligands). Active trypsin molecules (bound) were separated from inactive trypsin (unbound) and eluted by reduction in pH of the equilibrating buffer from 7.0 to 2.5. The separation took 18 s: the peak height of the eluted trypsin was sufficiently sensitive to act as an assay for the enzyme.
Concanavalin A was biospecifically eluted from the Dglucosamine in 20 s. The soybean trypsin inhibitor column was used to study the autolysis of trypsin. This method enables detection comparable with standard enzyme assays, with a speed unequalled by other methods.
With the advent of 'affinity tailing' (Sassenfeld & Brewer, 1984) , it may be that many affinity procedures for the purification of proteins produced by recombinant DNA technology will become redundant. Nevertheless, highperformance columns can be extremely useful in optimizing the conditions of the conventional separation methods such as those used by Sassenfeld & Brewer (1 984).
H.p.1.a.c. separations of restriction endonucleases
Restriction endonucleases, until recently only isolated from prokaryotes, are a group of enzymes which, with a few exceptions, recognize and cleave palindromic sequences of DNA. To date more than 100 specificities have been isolated with sites ranging from 4 to 8 base pairs in length. The reported purification protocols are often very time consuming, mostly utilizing ion-exchange chromatography and gel filtration.
The first published isolation of a type-I1 restriction endonuclease, HindIII, from Haemophilus influenza strain d (Smith & Wilcox, 1970) , described the use of DEAE-cellulose, gel permeation and phosphocellulose chromatography. Surprisingly, more recent published separations depart little from Smith & Wilcox. (1970) Table 2 shows the steps used in a number of typical protocols. In most cases, the products are still heterogeneous protein mixtures which have contaminating deoxyribonuclease activities removed.
Evidence for the application of affinity methods are scarce. However, examples of the use of DNA, heparin, hydroxylapatite, Cibacron Blue 3G-A and hydrophobic ligands can be found. Heparin-agarose is a popular easily prepared support, which has been reviewed as a groupspecific ligand by Farooqui (1 980) and for restriction endonucleases by Bickle et al. (1977) . We are not aware of the use of these ligands in the h.p.1.a.c. of type-I1 restriction endonucleases to date.
Evidence for the use of triazine dyes as ligands in both analytical and preparative h.p.1.a.c. applications has however been demonstrated by a number of workers (Small et ul.. 1981 (Small et ul.. , 1983 ).
Cibacron Blue 3G-A coupled to Superose 6B (a crosslinked agarose bead, 20pm) has been tested in this laboratory under fast protein liquid chromatography (f.p.1.c.)-rated pressures (approx. 2.07 x lo6 Pa). The gel performed adequately below 0.3 ml/min but irreversibly compacted at greater flow rates. On the other hand the silica-based supports of Small et nl. (1981) are considerably more rigid and will withstand h.p.1.a.c.-rated pressures in excess of 2.8 x lo6 Pa with little apparent loss of resolution.
A third type of support was also tested for its dyecoupling capacity. Cibacron Blue was coupled to Eupergit C, an epoxy pre-activated acrylate polymer (available from Rohm Pharma GmbH.) The resulting matrix was tested for the binding of restriction endonucleases. The enzymes bound quantitatively but were not eluted in adequate yields on pulsing with 2M-KC1. This suggests a considerable hydrophobic interaction between support and the protein. This is further supported by the fact that butyl-Eupergit C has been described as a hydrophobic support for the isolation of glycogen phosphorylase from small quantities of mouse skeletal muscle (Butler et al., 1984) .
Eupergit C proved to be a useful support for the attachment of iminodiacetic acid for metal chelate chromatography. On pre-equilibration with Mg2+ ions purification of the restriction endonuclease BukI from Bacillus alkolophilus was obtained from both crude and partially purified preparations. For the initial isolation of restriction endonucleases from crude extracts we have found that 1 ml of quaternary aminoethyl 'Mono Q' strong anion-exchange column is ideal. All the restriction enzymes we studied were eluted between 0.2 and 0.6M-KCl. This has enabled us to get to up a rapid screening programme for novel type-I1 restriction endonuclease activities.
The profile of enzyme activities from an extract of a cyanobacterium Nostoc SA, incubated with lambda DNA, shows four separate restriction enzymes of different specificity. These enzyme fractions were separately digested with other DNA substrates. These and other experiments lead us to conclude that the enzymes were NspSAI (C-Y-T-G-G), NspSAIV (G-G-A-T-C-C) and were isoschizomers of AvaI, BstEII, NcoI and BarnHI, respectively. The distribution of cytosines and guanines in each cutting site is interestingly consistent. We have found that the purity of these and other enzymes after a single Mono Q column step is sufficient not only for characterization of their specificity on a series of substrates but also to carry out analysis of the termini of the cutting sites using a modified form of M 13 sequencing.
The usefulness of f.p.1.c. in optimizing separations is immediately clear when scaling up these columns. Not only are preparative columns available but also the separation conditions for the macro-bead column equivalent may be easily found using the f.p.1.c. counterpart.
Further research is planned to extend the range of C-G-R-G), NspSAII (G-G-T-N-A-C-C), NspSAIII (C-C-Arestriction specificities using this screening procedure.
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